Past shifts in connectivity in riverine environments (for example, sea-level changes) and the properties of current drainages can act as drivers of genetic structure and demographic processes in riverine population of fishes. However, it is unclear whether the same river properties that structure variation on recent timescales will also leave similar genomic signatures that reflect paleodrainage properties. By characterizing genetic structure in a freshwater fish species (Hollandichthys multifasciatus) from a system of basins along the Atlantic coast of Brazil we test for the effects of paleodrainages caused by sea-level changes during the Pleistocene. Given that the paleodrainage properties differ along the Brazilian coast, we also evaluate whether estimated genetic diversity within paleodrainages can be explained by past riverine properties (i.e., area and number of rivers in a paleodrainage). Our results demonstrate that genetic structure between populations is not just highly concordant with paleodrainages, but that differences in the genetic diversity among paleodrainages correspond to the joint effect of differences in the area encompassed by, and the number of rivers, within a paleodrainage. Our findings extend the influence of current riverine properties on genetic diversity to those associated with past paleodrainage properties. We discuss how these findings may explain the inconsistent support for paleodrainages in structuring divergence from different global regions and the importance of taking into account past conditions for understanding the high species diversity of freshwater fish that we currently observe in the world, and especially in the Neotropics.
INTRODUCTION
The properties of a riverine drainage are known to structure genetic variation among fish populations because of the constraints this habitat imposes on movement patterns. For example, theoretical models reveal how specific attributes of a river's architecture act as a driver of genetic divergence (for example, Morrissey and de Kerckhove, 2009; Thomaz et al., 2016) . Likewise, empirical studies identify genetic structure associated with shifts in species distribution in the past (for example, Neuenschwander et al., 2008) , especially for coastal fishes where Pleistocene sea-level changes provided connections among rivers that are not present today (Thomaz et al., 2015) . However, it is unclear whether the same properties of river architecture that structure variation on recent timescales will also leave similar genomic signatures (i.e., patterns of genetic variation among individuals/populations) that reflect paleodrainage architecture. In particular, although regional structuring of genetic variation reflective of the isolation among different paleodrainages due to changes in sea level have been documented in some cases (for example, Chakona et al., 2013; Unmack et al., 2013; Thomaz et al., 2015) , the impact of the properties of the paleodrainages themselves on patterns of genetic variation has not yet been tested. Specifically, because of the connections paleodrainages provide among currently isolated rivers during periods of sea-level retreat, the properties of paleodrainages themselves may be reflected in regional measures of genetic diversity.
We address this question using genomic analyses in the freshwater fish Hollandichthys multifasciatus (Characiformes: Characidae), which is endemic to drainages along the southeastern Atlantic coast of Brazil. Specifically, we test the extent to which (i) structuring of genetic variation reflects past riverine connections (i.e., connections among currently isolated rivers within a paleodrainage) during the most extreme sea-level retreat on the Pleistocene, the last glacial maximum (LGM, , and given that the architecture of paleodrainages differs along the Brazilian coast (Figure 1 ), we (ii) test whether there are corresponding differences in the genetic diversity across paleodrainages that reflect the properties of paleodrainages themselves. We examine these questions using an approach that does not presuppose that genetic structure will be partitioned by paleodrainage boundaries. That is, we do not a priori define paleodrainages to ask whether there is a significant effect on genetic structure (as with a F ST analysis; Thomaz et al., 2015) . Because multiple drainages are sampled within paleodrainages (except for four northern paleodrainages; Figure 1 ), the genetic divergence associated with paleodrainages and their respective properties are not reducible to a single drainage (or properties of a single drainage; Thomaz et al., 2015) . Moreover, we do not assume that paleodrainages are the only potential factors influencing patterns of genetic variation. Instead, we apply a series of hierarchical analyses to infer genetic clusters that can accommodate a complex history in which multiple factors may be operating at different temporal and spatial scales (i.e, recent versus deeper past, and local versus regional barriers; Massatti and Knowles, 2014) . As such, our study provides not only the first analysis (that we are aware of) of the effects of paleodrainage properties on patterns of genetic diversity but also our approach highlights potential methodological issues that might bias or contribute to some of the inconsistencies in past studies on the role of paleodrainages in structuring divergence among fish populations. Moreover, this historical perspective provides a complement to investigations of the effects of contemporary river architecture on genetic variation (Morrissey and de Kerckhove, 2009; Paz-Vinas et al., 2015; Thomaz et al., 2016) , although our specific study does not address the effects of contemporary river architecture.
MATERIALS AND METHODS

Sampling and RADseq genomic data generation and processing
Genomic data were generated for 182 individuals across the entire distribution of H. multifasciatus. Sampled individuals were collected from 28 rivers (hereafter, referred to as populations; Figure 1 ) that span 12 paleodrainages; however, only individuals from 23 populations and 11 paleodrainages were analyzed (see below); for a brief description of how paleodrainages were identified from bathymetric data see text in the Supplementary Material. Ethanol-preserved tissues used in the study are cataloged in the ichthyology collections at the Universidade Federal do Rio Grande do Sul, Museu the Ciências e Tecnologia, Pontifícia Universidade Católica do Rio Grande do Sul and Museu the História Natural Capão da Imbuia (see complete list in Supplementary Table 1) .
Genomic DNA was extracted from body muscle using DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA) or modified salt-precipitation protocol (Medrano et al., 1990) , and two double-digest reduced representation libraries were constructed following the protocol of Parchman et al. (2012) . Briefly, the DNA was double-digested with two restriction enzymes (EcoRI and MseI), followed by a ligation step and amplification by PCR, where unique barcodes (10 bp) and Illumina adapters were added to the digested DNA. PCR products were cleaned to select fragments between 350 and 450 bp by gel extraction Figure 1 Map of the 11 studied paleodrainages that formed during sea-level retreats of the LGM along the southeastern coast of Brazil, with an image of H. multifasciatus (99.5 mm standard length). The paleodrainage area is shown in different colors and populations sampled for genomic analyses are marked by black dots. Note that one dot in paleodrainage 10 represents three populations on Florianópolis Island. The gray shaded area marks the exposed area during the sea-level retreat in the LGM. The gray dots identify populations excluded from analyses (see Materials and Methods for detail; also Thomaz et al., 2015) . A full color version of this figure is available at the Heredity journal online.
(QIAquick Gel Extraction Kit-Qiagen). The two libraries were sequenced for 100 bp in two HiSeq2000 lanes (Illumina, San Diego, CA, USA) at the University of Michigan DNA core facility (Ann Arbor, MI, USA), producing 325 million reads in total (146 and 179 million in each library).
The pipeline STACKS version 1.35 (Catchen et al., 2013) was used to demultiplex and process the genomic sequences. One mismatch in the adapter sequence (--adapter_mm) and a barcode distance of two was used in process radtags to allow barcode rescue (--barcode_dist); adapter sites were removed using Seqtk (Heng Li, https://github.com/lh3/seqtk) by deleting 5 bp in the 5′-end (-b 5). Individuals from the two libraries were then pooled together and individuals with o500K sequences were excluded. The resulting 239 million retained reads from 166 individuals (average of 1 422 655 ± 615 385 sequences per individual) was run in USTACKS with the following settings: a minimum depth coverage of five (-m 5), the Removal algorithm (-r) and the Deleveraging algorithm (-d), with model type equal bounded (--model_type), and an error bound for ε of 0.1 (--bound_high), which generated data with a mean coverage of 13.7 (±5.7). A catalog of genomic sequences was built in CSTACKS, allowing for two mismatches between sample tags (-n 2), and loci for each individual were identified using SSTACKS under default options.
From SSTACKS output we directly run the POPULATIONS module (with parameters: -r 0 -p 2 -m 5 --min_maf 0 --max_obs_het 0.5). The resulting output was processed in R version 3.3.1 (R Core Team, 2016) to eliminate single-nucleotide polymorphisms (SNPs) from the five last base pairs in the 3′-end of each locus, as well as loci with exceedingly high genetic diversity as such high values are suggestive of sequencing and assembly errors (i.e., θ40.024, representing loci in the upper 95% quantile of the distribution of genetic diversity; Supplementary Figure S1 ). In addition, five populations were excluded because of limited data (i.e., three populations with less than two individuals after data processing) or ambiguities with paleodrainage assignment (i.e., two populations associated with the Paranaguá estuary; Thomaz et al., 2015) . The resulting data set contained a total of 517 874 SNPs in 196 845 loci (maximum of 10 SNPs per locus), with a genotyping rate of 0.29, for 149 individuals sampled in 23 populations from 11 paleodrainages (see Supplementary Table S1 for number of reads per individual). All STACKS modules were run under parallel execution with eight threads in the University of Michigan flux.
Because the robustness of different methods of analysis to missing data varies, we generated two data sets with different levels of missing data. Specifically, one data set included loci present in at least 10 populations and 75% of individuals within a population (i.e., 149 individuals and 62 549 SNPs in 18 407 loci, with a genotyping rate of 0.55) and was used to calculate genetic diversity summary statistics for each paleodrainage in STACKS (i.e., π and H EXP averaged across populations within a given paleodrainage; Supplementary Table  S2 ). F ST values and its significances were calculated in Arlequin 3.5.2.2 (Excoffier and Lischer, 2010) with 10 000 replicates with a Bonferroni correction for multiple comparisons. The other data set included loci with a maximum of 25% missing data per unlinked SNP (hereafter referred to simply as SNPs) per individual (i.e., 116 individuals and 6574 SNPs, with a genotyping rate of 0.89) and was filtered using the toolset PLINK v.1.07 (Purcell et al., 2007) .
Because the degree of divergence among individuals affects the proportion of shared loci in RADseq data (Huang and Knowles, 2014) , in addition to the two aforementioned data sets with individuals from the entire geographic range (hereafter referred to as the full data sets), we also processed the genetic data using two subsets of individuals to minimize the effect of missing data. Specifically, we processed individuals from the northern and southern regions separately (hereafter referred to as the northern and southern data sets, respectively), thereby increasing the amount of SNPs retained in each subset because of a fairly deep divergence separating northern and southern groups (Thomaz et al., 2015) .
Tests of genetic structure associated with paleodrainages
To evaluate whether there was a correspondence between population genomic structure and paleodrainages without conditioning upon paleodrainage membership, inferences of genetic structure were made using STRUCTURE 2.3.4 (Pritchard et al., 2000) . The full data set was analyzed with K-values ranging from 1 to 12 (maximum number of paleodrainages+1). An iterative approach was then used to explore potential hierarchical genetic structure (i.e., genetic structure that might be present within initial clusters identified by STRUCTURE; Ryan et al., 2007; Massatti and Knowles, 2014) . Specifically, STRUCTURE analyses were run for a subset of individuals contained within genetic clusters and individuals were assigned probabilistically to genetic clusters, where the number of K-values analyzed ranged from K = 1 to the number of paleodrainages+1, depending the data subset. These analyses were conducted using the northern and southern data sets to take advantage of inclusive loci to each of the two geographic areas (as described above). Ten independent runs were performed for each STRUCTURE analyses using the 'Admixture model' and 'Allele Frequencies Correlated' model for 300 000 Markov chain Monte Carlo iterations and 100 000 of burn-in, except for a few cases in which 500 000 Markov chain Monte Carlo and 200 000 of burn-in were performed to ensure convergence. The ΔK of Evanno et al. (2005) implemented in STRUCTURE HARVESTER (Earl and vonHoldt, 2012) was used to identify the K number of genetic clusters that best fit the data, with the assignment of individuals in proportion to their putative ancestral history presented graphically using the CLUMPAK pipeline (Kopelman et al., 2015) .
Estimates of divergence times
Divergence times between neighboring paleodrainages were estimated using a composite-likelihood method based on the site frequency spectrum (SFS) as implemented in FASTSIMCOAL2 (Excoffier and Foll, 2011; Excoffier et al., 2013) to evaluate whether they were consistent with a Pleistocene divergence, and specifically, a divergence time during the LGM. We used a python script to remove all missing data to calculate the joint SFS between each neighboring paleodrainage pair (available from Papadopoulou and Knowles, 2015) , based on the vcf file from STACKS with a single SNP per locus. Five individuals from each paleodrainage were used to calculate the SFS, except for two paleodrainages (paleodrainage 3 and 8; Figure 1 ) where only three individuals were available. Divergence times were estimated assuming no migration between paleodrainages from polymorphic loci (i.e., using the 'removeZeroSFS' option in FASTSIMCOAL2). This assumption of no migration might result in underestimates of divergence times, however we note that the STRUCTURE analyses do not provide strong evidence of substantial admixture. Moreover, it is the relative similarity in the estimated divergence, not the absolute timing of divergence per se, that is particularly relevant to interpreting the relationship between paleodrainage properties and genetic diversity (i.e., general similarities in divergence times control for the potential confounding effect of different genetic diversities that could have resulted if the times to accumulate genetic diversity differed among paleodrainages).
To improve the accuracy of parameter estimates from the SFS (following the recommendations of the program; Excoffier and Foll, 2011), we calculated the effective population size of one paleodrainage (N 1 ) directly from the empirical data (i.e., specifically, from the nucleotide diversity (π) of fixed and variable sites). The other parameters of the divergence model (N 2 , ancestral population size N ANC and divergence time T DIV ) were estimated based on the SFS, with a mutation rate, μ, of 2.24× 10 − 8 . This mutation rate was estimated from the regression formula for cellular organisms (Lynch, 2010) based on a genome size of 1500 mb for Hollandichthys (which is based on the average genome size of Characidae 'clade C', where Hollandichthys is currently positioned; Thomaz et al., 2010; www.genomesize.com) , with one generation per year. A total of 40 FASTSIMCOAL2 runs were conducted for each paleodrainage pair with 100 000-250 000 simulations per likelihood estimation based upon a stopping criterion of 0.001, and 10-40 expectation-conditional maximization (ECM). A parametric bootstrap was used to estimate 95% confidence intervals on the model parameters. Specifically 100 simulated SFS with the same number of individuals, loci and parameters from the maximum composite-likelihood estimate were used to re-estimate demographic parameters (as with the estimates of the empirical data, 40 FASTSIMCOAL2 runs was performed per simulated data set with the same criteria for likelihood estimation).
Tests of relationship between genetic diversity and paleodrainage properties
To test whether patterns of genetic diversity (i.e., π and H EXP ) correspond to paleodrainage properties, we estimated two properties: land area and number of isolated rivers within a paleodrainage. The relationship between genetic diversity and these paleodrainage properties were evaluated using generalized linear models (i.e., linear regression and covariance analyses) with the function lm in the basic stats package in R. For the four models (i.e., area, number of rivers, area+number of rivers and area*number of rivers), the corrected Akaike information criterion was used for model comparison using the function aictab in the R package AICcmodavg (Mazerolle, 2016) .
The paleodrainage property of land area was characterized based on the current exposed land area (i.e., excluding the submerged area) in ArcGIS 10 based on the paleodrainages map (see text in Supplementary Material for a brief summary of details regarding the identification of paleodrainages based on topographic relief contours; Thomaz et al., 2015) . Note that total paleodrainage area was also calculated. However, because it was highly correlated with current exposed area (R 2 = 0.97; P-value o0.001; Supplementary Figure S2A) , and as all inferences about genetic diversity are based on sampled populations from the exposed area, we only present results on the current exposed area (and hereafter is referred for simplification as area).
The number of isolated rivers in a paleodrainage (i.e., those that are not currently connected) was used as a measure of complexity, in the sense that more rivers translate into more opportunities for the retention of genetic differences. The number of rivers in a paleodrainage was calculated using hydrological data and maps based on shuttle elevation derivatives at multiple scale (United States Geological Survey) maps. Grids with an upstream catchment area of ⩾ 1000 cells were defined as rivers, which for the region is 8 km 2 .
RESULTS
Tests of genetic structure associated with paleodrainages STRUCTURE analyses identified genetic clusters that corresponded to paleodrainage membership without using prior information about the geographic location of individuals (i.e., without conditioning on paleodrainage; Table 1 and Figure 2 ). At each level of the analysis for each subset of data an additional paleodrainage break was identified given the hierarchical structure of genetic variation. Moreover, probabilistic assignment of individuals to the respective genetic clusters revealed little evidence of admixture; admixture was inferred between two of seven sampled populations from paleodrainages 9 and 10 ( Figure 2 ). There was one exception in which the genetic break did not correspond to a paleodrainage boundary, in addition to the previously documented pronounced biogeographic division between northern and southern populations (Supplementary Figure S3 ; see also Thomaz et al., 2015 , based on mitochondrial DNA). Specifically, there was an unexpected genetic break between Ilhabela and São Sebastião 1 populations in the paleodrainage 4 (Figure 2 ). Note that as there was not significant structuring associated with paleodrainage 4 it was not included in the subsequent STRUCTURE analyses aimed at detecting additional structure within regional groups.
Pairwise genetic differentiation (F ST ) varied almost one order of magnitude (0-0.95 mean = 0.67 ± 0.21; Supplementary Table S3 ). This broad range reflected the hierarchical structuring of genetic variation (Figure 2) . Specifically, there is a pronounced differentiation between comparisons of populations between the southern and northern regional groups (mean = 0.77 ± 0.12) relative to lower levels of differentiation between paleodrainages (mean = 0.56 ± 0.23) within the respective northern and southern regions, or among populations from the same paleodrainage (mean = 0.41 ± 0.32).
Estimates of divergence times
Divergence time estimates corroborate the hierarchical structure of genetic variation with an older regional divergence between the northern and southern regions versus relatively recent divergence times among geographically adjacent paleodrainages not separated by this geographic split (Figure 3) . Specifically, the divergence between the northern and southern regions was estimated around 80 ka, whereas divergence time estimates between paleodrainages pairs are generally centered on the LGM, ranging between 12 and 44 ka (Figure 3) . In most cases, estimates of the ancestral population sizes were larger than the current populations, except for the paleodrainage pairs 2-3 and 7-8 (Supplementary Table S4 ). Also, note that the most recent divergence time is estimated between paleodrainages 4 and 5, and one of the largest ancestral population sizes is estimated between paleodrainages 3 and 4 (Supplementary Table 4 ). These parameter estimates are likely biased because paleodrainage 4 violates the assumption that divergence times between paleodrainages predate divergence among populations within a paleodrainage (Figure 2 ).
Tests of relationship between genetic diversity and paleodrainage properties Irrespective of which measure of genetic diversity was used (i.e., π or H EXP ; Table 2), the linear models identified a significant association between genetic diversity and the joint effect of paleodrainage area and number of rivers within a paleodrainage (Figure 4 ; Supplementary Figure S4) . Specifically, despite the additional model complexity, when both paleodrainages properties are analyzed together (i.e., considering the covariance between area and the number of rivers within a paleodrainage), model comparison based on Akaike For each analysis (i.e., row), the first and second most probable K-values identified using Evanno method are reported along with the correspondent ΔK. The total number of loci and individuals analyzed are given, as well as the total individual genotyping rate.
information criterion scores suggests a significantly better fit compared to analyses based on each riverine property separately, or when considering a possible interaction between the paleodrainage properties (Table 2) ; area is correlated with the number of rivers in each paleodrainage (R 2 = 0.39; P-value = 0.04; Supplementary Figure 2B ). Among the models tested, the number of rivers within a paleodrainage was the worst fit, and by itself was not significant; however, this may reflect reduced statistical power given the restricted range of differences in this variable across paleodrainages (Supplementary Table S5) .
DISCUSSION
Studies have clearly demonstrated the role of paleodrainages in structuring patterns of genetic variation, where genetic divergence accumulates due to the relative isolation of rivers from different paleodrainages compared with the past connections forged among rivers within a paleodrainage, although these effects appear to vary (for example, Chakona et al., 2013; Unmack et al., 2013; Thomaz et al., 2015) . Our work adds another empirical example, and it extends this influence to dimensions that have not yet been studied. Specifically, inferences about the structuring of genetic variation by paleodrainage are (i) detected without a prior classification of paleodrainage membership of populations, in contrast to tests like F ST analyses in which the groups are defined a priori, and (ii) we show that the paleodrainage properties themselves affect genetic diversity (i.e., the presumed connections among currently isolated rivers during periods of sea level influence regional patterns of genetic diversity). Below we discuss why considering potential contributors of processes at different spatial and temporal scales (i.e., regional versus local, and current versus past history) might explain some of the enigmatic results about the relative importance of specific factors in structuring populations of fish, as demonstrated in terrestrial environments (for example, Papadopoulou and Knowles, 2016) , as well as processes of fish diversification that might underlie regional and/or taxonomic differences in richness patterns (for example, Tedesco et al., 2012; Dias et al., 2014) .
Paleodrainage effects on genetic variation
With regards to the methodologies used to detect the contribution of paleodrainages, our results highlight how the criteria applied for such inferences may influence the conclusions (Papadopoulou and Knowles, 2016) . For example, our results show a strong correspondence of genomic structure in Hollandichthys with paleodrainages boundaries (i.e., in 10 of the 11 paleodrainages, with the only exception in paleodrainage 4), without a priori classification of populations to paleodrainage (i.e., the genetic clustering of populations sampled within a paleodrainage reflects shared ancestry under the presumed genetic equilibrium being modeled here). However, the detected genetic structure above the level of individual populations is not limited to paleodrainage boundaries ( Figure 2 ; Table 1 ). For example, the northern-southern split between the Paranaguá estuary populations (Supplementary Figure S3 ; Thomaz et al., 2015) predates the divergences reflective of paleodrainage structure (Figure 3 ). By applying a series of hierarchical-independent STRUCTURE analyses to accommodate this complex history of divergence, the genetic structure associated with paleodrainages becomes clear (Figure 2) . In other words, the effects of paleodrainages are clear when accounting for the complexity of the history of Hollandichthys, but could have been overlooked by framing the question about structuring of genetic variation by paleodrainages as a binary 'yes' or 'no' question. Similar arguments about potentially misleading conclusions might be made based on how DNA sequences are analyzed. For example, for recent divergence histories, a correspondence between clades in a gene tree and paleodrainage boundaries or the distribution of haplotypes across populations within paleodrainages (for example, Chakona et al., 2013; Unmack et al., 2013) are very conservative criteria for inferences about the role of paleodrainages in structuring genetic variation. The lack of monophyly may simply reflect that there has not been sufficient time for the sorting of ancestral polymorphism (Hudson and Coyne, 2002; Knowles, 2009) . Likewise, the lack of shared haplotypes among rivers within a paleodrainage does not discount the possible role of paleodrainages; it simply identifies structure associated with current isolated rivers (as do our analyses; Figure 2 ; Supplementary Table S3 ). Because of overestimation of divergence times when based directly on pairwise sequence differences (Edwards and Beerli, 2000) , such estimates are also unlikely to coincide with Pleistocene driven sea-level shifts that define paleodrainage boundaries. In other words, conclusions about the role of paleodrainages associated with Pleistocene sea-level changes might be sensitive to how tests are conducted and interpreted given the time frame of these historical events (Knowles, 2009) . With relatively larger ancestral population sizes than current effective population sizes estimated for paleodrainages in Hollandichthys (Supplementary Table S4) , the much more recent divergences estimated here (Figure 3 ) compared to previous estimates based on mitochondrial DNA (Thomaz et al., 2015) are not unexpected given these divergence estimates reported here take into account gene divergences that predate population divergence (Carstens and Knowles, 2007) . Migration (which was not modeled here) would result in underestimates of divergence times; however, there is little to no evidence of admixture among paleodrainages (Figure 2) .
Besides methodological biases, differences in the detected effects of paleodrainages on genetic variation across studies might also reflect differences in specific properties of a local region. For example, the availability and stability of environments over time are known to affect the current genetic diversity of species in terrestrial organisms (for example, Pleistocene refugia theory; He et al., 2013; Massatti and Knowles, 2016) . In a similar way, our findings demonstrate that genetic diversity within paleodrainages is a function of its properties, with higher genetic diversities observed in larger and more branched paleodrainages (i.e., more constituent rivers). Note the similarity in divergence times among paleodrainages (except the north-south break; Figure 3 ) means that this pattern cannot be explained by differing times of accumulation of genetic diversity among paleodrainages.
This strong genomic signature urges the incorporation of information about past river structure (Neuenschwander et al., 2008) , rather than just considering the properties of current rivers. As with the detected effects of paleodrainage area and river number demonstrated here (Figure 4) , additional properties of rivers in the past (which were assumed to be constant in space and time here) might also contribute to differences in genetic diversity among paleodrainages. For example, the effect of water flow intensity, river shape and environment (i.e., geomorphology) are known to differ regionally and affect the distribution of genetic diversity (Morrissey and make them potentially interesting to explore with respect to paleodrainages. However, this would require new developments, as with recent advances for incorporating environmental variables to study the effects of current river properties (for example, Domisch et al., 2015) . The impacts of such methodological developments are likely to extend beyond, deepening our knowledge of the effect of shifts in riverine properties over time.
Insights into species diversification of freshwater fish Vicariance has a clear role in structuring species diversity patterns of riverine fish, reflecting a life history constrained to the rivers that predisposes fish in particular to becoming geographic isolated (Lundberg et al., 2000; Albert et al., 2011) . Nonetheless, dispersal is also recognized to have a role in shaping richness patterns. Specifically, the distribution of fish species across multiple basins may be explained by the following: (i) river captures in which a river tributary changes its direction and start flowing to the neighbor basin; or (ii) dispersal associated with temporary connections.
As our study (for example, Figures 2 and 3 ) and others show (for example, Chakona et al., 2013; Unmack et al., 2013; Thomaz et al., 2015) , dispersal associated with temporary connections that were forged between currently isolated rivers in past drainages (i.e., paleodrainages) when sea levels repeatedly decreased may contribute to the spatial structuring and timing of divergence. Nonetheless, it might be argued that this mechanism (i.e., dispersal across drainages via past connections that opened during periods of low sea level) may be relatively species-specific (Waters and Burridge, 2016) unlike river capture and vicariance, which tends to affect communities as a whole (Burridge et al., 2007; Albert et al., 2011) . For example, Hollandichthys is associated with the presence of riparian forest (Bertaco and Malabarba, 2013) , and consequently is distributed in lower land tributaries, which might make downstream dispersal more likely during the cycles of sea-level retreat, given the geographic proximity to the temporary river connections that existed among drainages in the past. However, for fish inhabiting different portions of the rivers (i.e., headwaters, as opposed to lowland tributaries), such temporary connections forged by sea-level retreat might not have been accessible. If such divergence processes act in a species-specific manner, these temporary connections might be helpful to explain differences in species diversity across landscapes (i.e., discord across taxa), and consideration of the species-specific ecologies might explain why the geographic distribution of particular constituents of the ichthyofauna may differ (Waters and Burridge, 2016) .
Although the links between the processes structuring genetic variation within species to those structuring species diversity patterns can be tenuous (Kisel and Barraclough, 2010; Rosenblum et al., 2012; Papadopoulou and Knowles, 2017) , there are some noteworthy parallels, but also discordances, between our findings and species diversity studies in freshwater fishes (Vellend and Geber, 2005; Fourtune et al., 2016) . For example, genetic diversity does not only reflects drainage area (Figure 4 ), but species richness-area relationships have been largely observed for current and past drainages over the world and for the study region, the Neotropics (Albert et al., 2011; Dias et al., 2014) . On the other hand, our focus here was on the recent evolutionary past, and this temporal scale does not correspond to the divergence times estimated for fish species diversification, which often predates the Pleistocene (Lundberg et al., 2000) . This does not necessarily mean that other mechanisms did not contribute to species diversity patterns in the more distant past. However, because the sealevel changes during the LGM were some of the most extreme events and temporally matches with most of the point estimates for divergence times, these recent events would over-ride divergences associated with the more distant past (Papadopoulou and Knowles, 2015) if the geography of such divergence patterns were generally coincident with those of the LGM (for an exception, we note the regional split between the northern and southern regions, Supplementary Figure 3 , which does not coincide with the boundary of recognized paleodrainages; Thomaz et al., 2015) . This argument is also predicated on the presumed importance of divergence associated with geographic isolation, and it does not address whether other evolutionary processes (for example, selection) might have played more or less of an important role in the past relative to the present.
Of the populations of Hollandichthys studied here, individuals from paleodrainage 11 (Figure 1 ) have recently been described as a putative new species, H. taramandahy (Bertaco and Malabarba, 2013) . The strong structuring of genetic variation in Hollandichthys may be indicative of a putative species boundary, and consequently, suggest that paleodrainages may be responsible for long-term isolation that culminates in speciation. However, the degree of genomic differentiation for this putative species is similar to those observed between the populations from other paleodrainages in Hollandichthys, as is estimates of its divergence (i.e.,~24 ky, Figure 3 ). It is unknown whether any of a set of geographically isolated regions/populations will become new species (Sukumaran and Knowles, 2017) , but the clear morphological characters (Bertaco and Malabarba, 2013) of the proposed new taxon may suggest that this lineage has preceded beyond what might be expected from geographic isolation at the microevolutionary level (i.e., population isolation; Rosenblum et al., 2012) . Further analyses that tests for morphological differences across individuals in the other paleodrainages are required to determine whether the differentiation observed in the new putative species H. taramandahy (Bertaco and Malabarba, 2013 ) is statistically equivalent to other divergences separating paleodrainage populations that are not recognized as different species (for example, Solis-Lemus et al., 2014; Huang and Knowles, 2016) .
CONCLUSIONS
Our study not only highlights the effect of Pleistocene paleodrainages on patterns of genetic variation in a freshwater fish species along basins of the Brazilian Atlantic coast but the findings also may help explain why support for paleodrainages as drivers of divergence across taxa and continents have not been consistent. Specifically, the properties that impact population isolation and connectivity in riverine systems may be linked to those of past paleodrainages, not necessarily the current landscape. Given these phenomena occur over short evolutionary timescales, we also highlight how biases in the test applied and/or interpretation of results can contribute to ambiguities regarding the effects of past river landscapes, as well as how the development of new tools for modeling riverine environments that parallel those from the terrestrial realm will promote more refined hypotheses that could help explain differences in genetic variation across regions and/or taxa.
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